Since its first successful isolation from highly oriented pyrolytic graphite in 2004 using micromechanical cleavage method, 1 graphene has attracted more attention because of its fascinating electronic and optical properties, such as its Dirac nature of charge carries, [2] [3] [4] [5] [6] its ultra-high electron mobility, 4, [7] [8] as well as its universal optical or AC (alternating current) conductivity ( h 4 ) ( 2 e G = ω ) value. [9] [10] [11] [12] [13] Many interesting results are obtained from recent optical conductivity studies of graphene layers. E.g., the fine structure constant α ( ε is the permittivity of free space and c is the speed of light) can be experimentally obtained from the absorbance measurements of graphene. [11] [12] Also, the energetically preferred stacking order, i.e. Bernal stacking (ABAB) or orthorhombic stacking (ABCA) of the graphene layers can be differentiated from the calculated conductivity spectrum in the IR range. 14 In addition, the interlayer hopping rate parameter 1 γ ( 35 . 0 1 ≈ γ eV) of BLG with Bernal stacking can be experimentally obtained from optical conductivity measurements. [15] [16] In this letter, we report a systematic study on the stacking dependent optical conductivities of graphene layers both theoretically and experimentally. The band structure calculations of graphene layers with different stacking sequences are performed using the local-density approximation (LDA) within density-functional theory (DFT), with the Kohn-Sham equations solved with the projected augmented wave method as implemented in the VASP code. [17] [18] [19] Here, a kinetic energy cutoff of 400 eV and k-point sampling with 0.05 Å −1 separation in the Brillouin zone are used.
Experimentally, the optical conductivity spectra of TBG samples with different stacking geometries (top layer rotates different angle relative to bottom layer) are obtained from their contrast spectra. Figure 1a gives the calculated electronic band structure of SLG. As shown in this figure, the electronic band of SLG shows the linear dispersion around the Dirac point (K point). The energy span between the conduction and valence bands at M point is ~ 4 eV, slightly lower than the value obtained by angle-resolved photoemission spectroscopy (ARPES) and GW results (4.6 eV), [20] [21] [22] as the DFT calculations would normally underestimate the quasiparticle's energy. 21 Figure 1b plots the band structure of BLG with Bernal stacking, where the π -electron dispersion in the valence and conduction bands splits into two parabolic branches near the Dirac point. 23 Due to the strong interlayer interaction, a band splitting (~ 0.35 eV) appears at the Dirac point. 15 Compared with those from BLG with Bernal stacking, the electronic band structures of TBG samples are much more complicated. Depending on the rotation angle between neighboring layers, TBG samples will be accompanied by the different unit cell and the various interlayer coupling strength, and therefore exhibit abundant electronic properties. Figure 1c shows the band structure of TBG sample with orientation angle of 21.8 o (unit cell of 28 atoms). As can be seen, the SLG-like linear electronic dispersion is presented at the Dirac point which agrees very well with other group's results. [24] [25] However, the enlarged unit cell of this TBG sample will fold its Brillouin zone, therefore shorten the linear dispersion range as well as reduce the energy span between the conduction band and valence band at M point. As the band gap at M point shifts into the visible light range, i.e. ~ 2.77 eV, as shown in Figure 1c , the light absorption behavior of this TBG sample will be altered accordingly.
The optical conductivities of SLG, BLG with Bernal stacking and TBG sample with a 21.8 o orientation angle calculated by Kubo formula 10 are shown in Figure 1d which agree very well with other group's results. 10, 26 In the visible light range, SLG and BLG exhibit almost universal conductivity behaviors. [10] [11] 13 On the other hand, the conductivity of TBG sample is frequency dependent which has an additional peak located ~ 2.77 eV. This peak is induced by the electronic transition at the M point. We also calculate the electronic band structures of TBG samples with other orientation angles; top layer rotates 13. As can be seen, the band gap at M point shifts into IR range (0.94 eV). Besides, the band folding and splitting appear in the visible light range resulting in additional features in its DOS spectrum correspondingly as shown in Figure 2b . It is known that the conductivity of graphene is proportional to the joint density of states (JDOS) which can be deduced from its DOS. 27 Therefore, the abundant peaks appearing in the DOS spectrum in the visible light range will induce more peaks in the conductivity spectrum. Based on above discussions, we could know that the stacking sequence universal optical conductivity value. 11 In the ultraviolet light region (300 nm-380 nm), its absorption deviating from constant value is due to the electronic transition near the M point. 26 On the other hand, the TBG sample with 21. Experimentally, instead of performing absorption measurement, we obtain optical conductivities of graphene layers from their contrast spectra. 13 Compared with the absorption measurement, 11 the contrast measurement can be performed on any substrate; with better spatial resolution of micron scale 28 and do not need suspended samples. The graphene samples are fabricated by micromechanical cleavage and transferred to the SiO 2 /Si substrate. The TBG samples are prepared by simply flushing de-ionized water across the surface of the substrate, which contains the target SLG. 19, 29 In some cases, SLG samples are already folded after cleaving from graphite.
The rotation angle between the top layer and the bottom layer can be determined by analyzing the geometry. The crystal axis of SLG can be determined by the graphene edge. 30 Once the angle α between the folded edge and the crystal axis is known, the orientation angle θ , which is the angle of the top layer rotates relative to the bottom layer, 19 can be estimated as 28 The detailed experimental setup can be found in reference
The contrast spectra C( λ ) can be obtained by [31] [32] [33] [34] ) ( 
